In plants, flavonoids play critical roles in resistance to biotic and abiotic stresses, and contribute substantially to the quality, flavor, and nutritional quality of many fruit crops. In apple (Malus 3 domestica), inbreeding has resulted in severe decreases in the genetic diversity and flavonoid content. Over the last decade, we have focused on the genetic improvement of apple using wild red-fleshed apple resources (Malus sieversii f. niedzwetzkyana). Here, we found that the MYB transcription factors (TFs) involved in the synthesis of proanthocyanidins can be classified into TT2 and PA1 types. We characterized a PA1-type MYB transcription factor, MdMYBPA1, from red-fleshed apple and identified its role in flavonoid biosynthesis using overexpression and knockdown-expression transgenes in apple calli. We explored the relationship between TT2-and PA1-type MYB TFs, and found that MdMYB9/11/12 bind the MdMYBPA1 promoter. In addition, MdMYBPA1 responded to low temperature by redirecting the flavonoid biosynthetic pathway from proanthocyanidin to anthocyanin production. In binding analyses, MdbHLH33 directly bound to the low-temperature-responsive (LTR) cis-element of the MdMYBPA1 promoter and promotes its activity. In addition, the calli expressing both MdMYBPA1 and MdbHLH33, which together form a complex, produced more anthocyanin under low temperature. Our findings shed light on the essential roles of PA1-type TFs in the metabolic network of proanthocyanidin and anthocyanin synthesis in plants. Studies on red-fleshed wild apple are beneficial for breeding new apple varieties with high flavonoid contents.
INTRODUCTION
In plants, the phenylpropanoid biosynthesis pathway generates many phenylalanine-derived components that are involved in secondary metabolism (Hahlbrock and Scheel, 1989) . Among these, flavonoids have a great effect on the life cycles of plant and are important for human health. There are three main subclasses of flavonoids: flavonols, anthocyanins, and proanthocyanidins (PAs) (Harborne and Williams, 2001) . PAs are widely distributed in plants and provide protection against diseases and pest predation (Dixon et al., 2005) . Anthocyanins play a part in the red, blue, and purple colors of various plant tissues and organs, and help to attract seed-dispersal agents (Schaefer et al., 2004) . They have antioxidant, angiocardiopathy, and cancer prevention capacities, and are recognized as natural health ingredients with beneficial effects on humans (Bagchi et al., 2000; Cos et al., 2004; Skerget et al., 2005; De et al., 2010) . They also function as pigments and contribute to the astringency and flavor of several fruits, including grape, apple, strawberry, and their derivative products, such as wine and fruit juices (Bogs et al., 2007) . Therefore, the synthesis and metabolism of anthocyanins and PAs in food and fruit crops have received much attention.
The pathway of flavonoid biosynthesis has been elucidated in several plant species such as petunia (Britsch and Grisebach, 1986) , Zea mays (Wienand et al., 1986) , Arabidopsis (Kubasek et al., 1992) , grape (Boss et al., 1996) , and apple (Takos et al., 2006) . Over 30 years ago, chalcone synthase (CHS) was the first isolated gene involved in flavonoid biosynthesis (Kreuzaler et al., 1983) . Since then, other key enzymes in the flavonoid metabolic pathway have been identified and isolated ( Figure S1 ). During the early stages of the flavonoid biosynthetic process, chalcone is produced from the substrates 4-coumaroyl-CoA and malonyl-CoA by CHS. Then, chalcone isomerase catalyzes the formation of naringenin, a major metabolite in the other synthetic branches of the pathway. Further down the pathway of flavonoid biosynthesis, cyanidin and leucocyanidin are the common key substrates for anthocyanins and PA synthesis. Leucocyanidin is converted into cyanidin by anthocyanidin synthase (ANS) and into catechin by leucoanthocyanidin reductase (LAR). Subsequently, cyanidin is converted into epicatechins and anthocyanidins by anthocyanidin reductase (ANR) and UGP glucose-flavonoid 3-O-glucosyl (UFGT), respectively.
Flavonoid synthesis is influenced by multiple transcription factors (TFs) (Grotewold, 2006) , including those in the MYB, bHLH, WRKY, WD40, and other TF families (Walker et al., 1999; Borevitz et al., 2000; Johnson et al., 2002; Ramsay et al., 2003) . Members of three TF families [MYB, basic helixÀloopÀhelix (bHLH) and WDR] function together in a ternary MYBÀbHLHÀWD40 protein complex to participate in the anthocyanidin and PA pathways, a role that is widely conserved in different plant species (Nesi et al., 2001) . MYB TFs have a great effect on the regulation of flavonoid synthesis in plants . In general, MYB generates the functional specificity of the MYBÀbHLHÀWD40 complex. For example, in Arabidopsis thaliana, TT8 interacts with AtMYB75/PAP1 to promote anthocyanin synthesis and, with AtMYB123/TT2, to specifically promote PA synthesis. Homologs of AtMYB75/PAP1 have conserved functions in anthocyanin synthesis (Quattrocchio et al., 1999) .
Studies on PA synthesis have shown that AtTT2 is the vital determinant for PAs accumulation in developing Arabidopsis seeds (Nesi et al., 2001) . Similarly, homologs of AtTT2 in other species have been cloned, identified, and designated as TT2-type TFs. These TFs include VvMYBPA2 in grape (Terrier et al., 2008) , MdMYB9 and MdMYB11 in apple (Gesell et al., 2014) , and FaMYB9 and FaMYB11 in strawberry (Schaart et al., 2013) . Interestingly, a different type of TF involved in PA synthesis, the PA1-type, which is not an AtTT2 homolog, is also involved in PA accumulation (Schaart et al., 2013) . PA1-type genes have been studied in only a few perennial woody species and were first identified in grape (MYBPA1; Bogs et al., 2007) , and subsequently in persimmon (MYB4; Akagi et al., 2009) , nectarine (MYBPA1; Ravaglia et al., 2013) , and poplar (MYB115; James et al., 2017) . PA1-type TFs do not appear to activate anthocyanin synthesis and are specific to the PA pathway (Bogs et al., 2007; Ravaglia et al., 2013; James et al., 2017) . However, it is unknown whether there is a relationship between the TT2-and PA1-types of TFs.
Apple (Malus 9 domestica Borkh.) is a popular fruit and a major dietary source of flavonoids for humans (Chen et al., 2010) . Unfortunately, the hereditary basis of cultivated apple varieties is very narrow, leading to poor nutritional quality and low flavonoid content in fruit. Therefore, we have used wild apple germplasm resources to breed elite apple varieties and expand the genetic basis and diversity of cultivated apple. Malus sieversii, including its red-fleshed variant (M. sieversii f. niedzwetzkyana), is native to the mountains of Central Asia and was recently shown to be the primary ancestor of most cultivars of domesticated apple. M. sieversii has a rich genetic diversity and a high flavonoid content (Zhang et al., 2007) . Over the last decade, we have constructed F 1 hybrid progeny of M. sieversii f. niedzwetzkyana crossed with M. domestica 'Fuji', including red-and white-fleshed phenotypes. We identified the genotypes of F 1 hybrid populations and found three mutant strains. These mutants were found to have R6R6 homozygous genotypes and dark red flesh, with significantly increased flavonoid contents (Wang et al., 2017a,b) . These red-fleshed apples are useful materials for determining genes related to anthocyanin, PA, and flavonol biosynthesis.
In apple, studies on flavonoid biosynthesis and regulation first focused on anthocyanin. The MdMYB1 and MdMYB10 genes were initially isolated and observed to promote anthocyanin synthesis in apple skin and flesh, respectively (Takos et al., 2006; Espley et al., 2007) . Then, the TT2-type genes MdMYB9, MdMYB11, and MdMYB12 were suggested to participate in PA biosynthesis (Gesell et al., 2014; Wang et al., 2017a,b) . However, studies of PA1-type genes in apple have not been reported. In this study, we characterized a PA1-type MYB transcription factor, MdMYBPA1, from red-fleshed apple. Its role in PA and anthocyanin biosynthesis was identified by overexpression and knockdown-expression using double-stranded RNA interference in apple calli. We found that the TT2-type TFs MdMYB9/11/12 can bind to the promoter of MdMYBPA1. Furthermore, we found that MdMYBPA1 responds to low temperatures by redirecting the flavonoid biosynthetic pathway from PA to anthocyanin production. In this process, MdbHLH33 directly binds to the MdMYBPA1 promoter and interacts with it to promote anthocyanin biosynthesis. The objective of this study was to further explore the essential roles of the MYB TFs in the synthesis of PA and anthocyanin, and to provide a theory foundation for the further enrichment of genetic resources related to flavonoid synthesis.
RESULTS
Isolation, phylogenetic analysis, expression pattern, and subcellular localization of MdMYBPA1
Using the conserved R2R3 repeat region identified in grape (NP_001268160), persimmon (BAI49721), and nectarine (EMJ19959), an homologous gene designated as MdMYBPA1 (AIF70441) was aligned from genomic sequence of apple (Riccardo et al., 2010) . We then isolated it from the F 1 population of R6R6-genotype red-fleshed apples (Wang et al., 2017a,b) . The phylogenetic tree was constructed using MdMYBPA1, 51 A. thaliana MYB TFs, and PA-specific MYB TFs in other species. Sequence comparisons showed that the MdMYBPA1 and TT2-type genes were not homologous, but MdMYBPA1 was homologous to MYBPA1 in grape and other PA-type genes. Significantly, no PA1 homologs were detected in A. thaliana (Figure S2) . A previous amino acid sequence alignment indicated that all TT2-type genes include the SG5 (IRTKA[I/ L]RC) motif (Zhao et al., 2013) , however MdMYBPA1 did not include this motif. Three previously unidentified motifs were found in the C-termini of these PA-type proteins and were designated as the
To investigate the expression pattern of MdMYBPA1 and the accumulation of PAs during red-and white-fleshed apple development (Figure 1a ), we performed RT-qPCR and determined PA contents in apple flesh. The transcription of MdMYBPA1 was at a high level in both red-and white-fleshed fruit 45 days after full bloom (DAFB) and then decreased. Strikingly, the MdMYBPA1 transcript level increased in red-fleshed apple at 130 DAFB but did not increase in white-fleshed apple (Figure 1b) . Consistent with this finding, PA biosynthesis in red-fleshed apple first decreased and then increased at the late stage. The transcript levels of all of the PA-pathway genes analyzed were higher in red-fleshed fruit than in white-fleshed fruit at 130 DAFB ( Figure 1c) .
The MdMYBPA1 recombinant plasmid with a green fluorescent protein (GFP) tag and an empty plasmid with a GFP tag were transformed into 'Orin' calli. Protoplasts from transgenic calli were used for subcellular localization analyses. Subcellular localization showed that MdMYBPA1 was located in the nucleus (Figure 1d ).
MdMYBPA1 binds to the promoters of genes in the PA and anthocyanin biosynthetic pathway Yeast one-hybrid (Y1H) assay was carried out to verify the particular binding of MdMYBPA1 to the promoters of downstream structural genes during the pathway of PA biosynthesis. In these assays, MdMYBPA1 combined with the promoters of LAR and ANR, which encode enzymes involved in PA synthesis (Figure 2a,b) , to the promoter of UFGT, which encodes an enzyme involved in anthocyanin synthesis (Figure 2c) , and to the promoters of ANS, which encode an enzyme related to both PA and anthocyanin synthesis (Figure 2d ).
To confirm these results, an electrophoretic mobility shift assay (EMSA) was performed. MYB proteins can recognize the MYB-binding site (MBS) with the consensus sequence CNGTT(A/G) (Fisher and Goding, 1992) , and can also recognize the MYB-recognition element (MRE) with the consensus sequence ACCTACC to specifically control anthocyanin biosynthesis (Hartmann et al., 2005) . Analyses of promoter sequences revealed MBS cis-elements in the promoters of ANR, LAR and UFGT, and an MRE cis-element in the promoter of ANS. The EMSA results showed that MdMYBPA1 combined with the promoters of LAR, ANR, UFGT, and ANS (Figure 2e-h ).
Overexpression of MdMYBPA1 promotes PA accumulation in apple calli
To further verify the function of MdMYBPA1 during the process of PA synthesis, we introduced 35S::MdMYBPA1 into 'Orin' apple calli. Three independent transgenic lines of MdMYBPA1 were selected for analyses: overexpression (OE)1, OE2, and OE3. The OE calli showed a darker yellow compared with wild type (WT) 'Orin' (Figure 3a) . After 4-dimethylaminocinnamaldehyde (DMACA) staining, the OE calli were stained deep purple, while WT calli were stained light red (Figure 3b ). The transgene in OE calli was detected by polymerase chain reaction (PCR) amplification ( Figure 3c ) and western blotting ( Figure 3d ). Next, PAs were extracted and stained with DMACA solution. The color of OE calli was darker than that of WT calli (Figure 3e ). Spectrophotometric analyses of extracts indicated that OE calli produced 3-4 times more PAs than did WT calli (Figure 3f ). Finally, RT-qPCR analyses of PA-pathway genes showed that the expression of ANR and LAR were significantly increased in the transgenic calli, while those of other genes were unchanged (Figure 3g ).
TT2-type regulators promote MdMYBPA1
Because both TT2-and PA1-type genes can promote PA accumulation, we focused on the relationship between them. The RT-qPCR results displayed that the expression of MdMYBPA1 increased apparently in OE-MdMYB9, OEMdMYB11, and OE-MdMYB12 transgenic calli. By contrast, the expression levels of MdMYB9, MdMYB11, and MdMYB12 were not changed significantly in OE-MYBPA1 transgenic calli (Figure 4a ). In an Y1H assay, MdMYB9, MdMYB11, and MdMYB12 bound to the MdMYBPA1 promoter (Figure 4b ). The LUC reporter assay, furthermore, showed that MdMYB9, MdMYB11, and MdMYB12 all affected the promoter activity of MdMYBPA1 (Figure 4c ). The EMSA results indicated that MdMYB9, MdMYB11, and MdMYB12 bound to the MYB-core type I cis-element (CAGTTG) in the MdMYBPA1 promoter (Figure 4d ). In addition, a MYB-core type II (TAGTTA; Ishida et al., 2007) and an AC-rich element (CCCAAC; Xu et al., 2014) were also found in the MdMYBPA1 promoter and could interact with MdMYB9, MdMYB11, and MdMYB12 (Figure S4a, b) .
To prove this result in vivo, a chromatin immunoprecipitation (ChIP)-qPCR assay was carried out. The OEMdMYB9, OE-MdMYB11, and OE-MdMYB12 transgenic calli, each harboring the transgene fused to a GFP tag, were prepared for the ChIP-qPCR assay. No GFP tag was detectable in the WT calli (negative control). Three regions (MI-1, MI-2, and M-I3) in the MdMYBPA1 promoter and their enrichment levels in the DNA co-immunoprecipitated with the GFP antibody or a non-specific antibody (preimmune mouse IgG) were examined. The MI-1 region, containing the MYB-core type I cis-element, showed a significantly high enrichment ( Figure 4e ). Similarly, four regions (MII, CR1, CR2, and AC) in the MdMYBPA1 promoter and their enrichment levels were also examined. The MII region, containing the MYB-core type II, and AC region, containing an AC-rich element, were significantly highly enriched compared with the control regions (CR1 and CR2; Figure S4c ).
MdMYBPA1 activates anthocyanin accumulation responding to low temperature
In addition to MBS cis-elements, we found that MdMYBPA1 also contained a low-temperature-responsive (LTR) cis-element in its promoter. Therefore, we cultured the OE-MYBPA1 calli at low temperature (LT, 14°C) to determine whether the regulation patterns were affected. The WT and MYBPA1-RNAi calli were used as controls. When these calli were cultured at LT, the OE-MYBPA1 calli turned red, while the WT and MYBPA1-RNAi calli did not change color (Figure 5a ). Anthocyanin was extracted from OE/14°C calli, but not from OE calli at the 24°C normal temperature (NT), nor WT and MYBPA1-RNAi calli (Figure 5b ). Spectrophotometric analyses of the extracts indicated that OE calli produced 2.6 times more anthocyanins than did WT calli and 2.4 times more than MYBPA1-RNAi calli under LT conditions, but the OE calli did not show a significant difference in anthocyanin content compared with WT and/ or MYBPA1-RNAi calli at the NT (Figure 5c ). The PA content also increased 3.2 and 3.6 times in OE calli compared with in WT and MYBPA1-RNAi calli, respectively, under LT conditions ( Figure 5d ). To explore the specific functional characterization of MdMYBPA1 in promoting anthocyanin synthesis under LT conditions compared with the TT2-type regulators, the calli overexpressing MdMYB9, MdMYB11, or MdMYB12 were also subjected to the same LT conditions. The calli overexpressing MdMYB9, MdMYB11, or MdMYB12 could only induce PA accumulation, but could not induce anthocyanin accumulation under LT conditions. Besides, overexpression of MdMYB9, MdMYB11, or MdMYB12 had a smaller or no significant effect on the transcription level of MdMYB110a and bHLH33 compared with MdMYBPA1 ( Figure S5a-c) . Furthermore, to determine if MdMYBPA1 differed from TT2-types MYBs in its ability to bind and to activate the promoter of ANS, ANR, LAR, and UFGT, we analyzed the binding and activation ability of three TT2-types MYBs (MdMYB9, MdMYB11, and MdMYB12) by EMSA and LUC reporter assays. The EMSA results revealed that MdMYB9 and MdMYB12 could also bind to the promoter of ANR, LAR, ANS, and UFGT just like MdMYBPA1 did. However, MdMYB11 can hardly combine with the promoters of UFGT and ANS, which is different from the results of MdMYBPA1 ( Figure S6a ). The LUC results showed that the activation activity of MdMYBPA1 to ANS and UFGT promoters was apparently higher than that of TT2-type TFs ( Figure S6b ). Subsequent RT-qPCR experiment showed that the expression of CHS, WD40, and flavanone 3-hydroxylase were not affected by the overexpression or knockdown-expression of MdMYBPA1. The transcript levels of DFR, ANS, and UFGT were apparently higher in the OE/14°C calli than in the OE/NT and WT calli, and with the knockdown-expression of MdMYBPA1, their transcript levels decreased significantly. In addition, the expression levels of MdMYB1 increased under LT conditions, but it did not seem to be affected by MdMYBPA1. The expression levels of MdMYB10 also increased under LT conditions, but with the overexpression of MdMYBPA1, its transcription level decreased (Figure 5e ). In contrast, MdMYB110a was significantly induced in OE/ 14°C calli, but its expression did not change at NT between WT and OE calli. Thus, MdMYB110a might be affected by MdMYBPA1 and increase its expression levels under LT conditions, which promoted anthocyanin synthesis. To determine this outcome, Y1H, EMSA, and LUC reporter assays were performed and the results showed that MdMYBPA1 could bind and activate the MdMYB110a promoter . To verify whether MdMYBPA1 could promote the synthesis of anthocyanins under LT conditions after the elimination of MdMYB110a, we further knocked down the expression of MdMYB110a in the OE-MdMYBPA1 calli. The result displayed that the co-transgenic calli containing OEMdMYBPA1 and MdMYB110a-RNAi could still induce anthocyanin accumulation at the LT, indicating that MdMYBPA1 may have the function of promoting anthocyanin synthesis ( Figure S5d,e) .
Next, we validated the effects of MdMYBPA1 on the promoter activity of UFGT and ANS using the LUC reporter assay. MdMYBPA1 affected the promoter activities of ANS and UFGT. The mutation of two nucleotides in the MYBbinding sites of ANS and UFGT attenuated the effect (Figure 5f ). To investigate the effects of MdMYBPA1 on the promoter activities of ANS and UFGT at the LT, stable transformations using the GUS reporter gene were performed. GUS staining and activity determination showed that the co-transgenic calli containing proANS::GUS/ proUFGT::GUS and 35S::MdMYBPA1 exhibited higher GUS activity levels than proANS::GUS/proUFGT::GUS transgenic calli. The LT induced approximately 2.24-and 2.48-fold higher GUS activity levels than the NT in 35S:: MdMYBPA1/proUFGT::GUS and 35S::MdMYBPA1/ proANS::GUS calli, respectively, indicating that the LT promoted the effect of MdMYBPA1 on the ANS and UFGT promoter activity levels (Figure 5g,h ).
MdbHLH33 binds to the LTR cis-element in the MdMYBPA1 promoter
MdbHLH3 and MdbHLH33 participate in anthocyanin synthesis (Espley et al., 2007) . To investigate the relationship between MdbHLH3/33 and MdMYBPA1 in anthocyanin synthesis, we performed an Y1H assay and found that MdbHLH33 interacted with the MdMYBPA1 promoter (Figure 6a) . Based on the EMSA, the MdMYBPA1 promoter contained a LTR cis-element, which has been reported to bind to bHLH TFs. In the EMSA, MdbHLH33 bound to the LTR cis-element in the MdMYBPA1 promoter, while MdbHLH3 did not (Figure 6b ). In a ChIP-qPCR assay, the L1 (Figure 2g ,h) attenuated effect of MdMYBPA1. Values are means AE SD of three independent biological replicates. Statistical significance: *P < 0.05; **P < 0.01. (g) MdMYBPA1 activates the ANS and UFGT promoter in a GUS activity assay. The proANS::GUS and proUFGT::GUS transgenic calli with or without the 35S:: MdMYBPA1 effector were cultured at 24°C and 14°C and stained to detect GUS activity.
(h) The GUS enzyme activity analysis of the transgenic apple calli as presented in (e). Values are means AE SD of three independent biological replicates. Statistical significance: *P < 0.05; **P < 0.01.
region of the MdMYBPA1 promoter containing the LTR ciselement showed a significantly high enrichment (Figure 6c) . We also validated the effects of MdbHLH33 on the promoter activity of MdMYBPA1 using the LUC reporter assay. MdbHLH33 significantly affected the promoter activity of MdMYBPA1. A mutation of two nucleotides in the LTR of MdMYBPA1 (Figure 6b ) attenuated the effect of MdbHLH33 on MdMYBPA1 promoter activity (Figure 6d) . To confirm the function of the MdbHLH33 in promoting MdMYBPA1 expression, we transformed MdbHLH33 into WT calli and MdMYBPA1-RNAi calli and detected the expression level of MdMYBPA1. The results showed that when MdbHLH33 was overexpressed in WT calli, the expression of MdMYBPA1 was significantly promoted under low temperature, and the anthocyanin content was increased. However, when MdbHLH33 was overexpressed in MdMYBPA1-RNAi calli, the expression of MdMYBPA1 could not be induced, and there was no obvious accumulation of anthocyanin (Figure 6e ,f).
MdMYBPA1 and MdbHLH33 proteins directly interact with each other
To determine whether MdMYBPA1 interacts with MdbHLH33, A yeast two-hybrid assay (Y2H) were performed. The recombinant pGBKT7 plasmids containing MdMYBPA1 showed self-activating activities. When MdMYBPA1 was divided into four fragments (d1-d4), the d1 and d2 domains had no self-activating activities, indicating that the PA-2 and PA-3 motifs were the self-activation domains. MdMYBPA1 without the PA-2 and PA-3 motifs interacted with MdbHLH33 (Figure 7a ). In in vivo bimolecular fluorescence complementation assays, MdMYBPA1 interacted with MdbHLH33 (Figure 7b ). At last, pull-down assays by co-purifying the reconstructed MYBPA1Àhis-tidine (His) fusion proteins with bHLH33ÀGST and the GST empty vector were carried out. The results also showed that MYBPA1 interacts with bHLH33 (Figure 7c) . Now that MdMYBPA1 and MdbHLH33 proteins directly interacted with each other, and previous studies have shown that bHLH can recognize the E-box with the consensus CANNTG (Th evenin et al., 2012) . Therefore, we further searched the E-box on the promoter of LAR, ANR, ANS, and UFGT. The EMSA and LUC reporter assay showed that MdbHLH33 can bind and activate the promoter of ANS and ANR ( Figure S8a,b) .
The LT induces MdMYBPA1-MdbHLH33 complex to promote anthocyanin synthesis
To confirm the function of the MdMYBPA1-MdbHLH33 complex in anthocyanin synthesis, we transformed MdMYBPA1 and MdbHLH33 separately and together (MdMYBPA1 + MdbHLH33) into apple calli. All of the constructs were driven by the CaMV 35S promoter. When the OE-MYBPA1, OE-bHLH33, and OE-MYBPA1 + bHLH33 calli were cultured under LT conditions, the OE-MYBPA1 + bHLH33 calli were redder than OE-MYBPA1 and OE-bHLH33 calli (Figure 8a ). The transgene in the OE calli was detected by PCR amplification (Figure 8b ). The extract from OE-MYBPA1 + bHLH33 calli cultured under LT conditions was redder than the extracts of OE-MYBPA1 and OEbHLH33 calli cultured under LT conditions (Figure 8c ). Spectrophotometric analyses of the anthocyanin extracts (24°C) and low temperature (14°C). Values are means AE standard deviation (SD) of three independent biological replicates. Statistical significance: **P < 0.01. (e) Co-immunoprecipitation detection of interaction in vivo. OE-MYBPA1-HA calli, OE-bHLH33-GFP calli, and OE-MYBPA1 + bHLH33 calli at normal (24°C) or low temperature (14°C) were used. Immunoprecipitation samples were assayed using anti-HA. Marker was imaged and combined with immunoblotting image.
indicated that the anthocyanin content in OE-MYBPA1 + bHLH33 calli was 2.5 times that in OE-MYBPA1 calli and four times that in OE-bHLH33 calli under LT conditions, indicating that the MdMYBPA1-MdbHLH33 complex was more conducive to anthocyanin synthesis (Figure 8d) .
The transgenic calli overexpressing MYBPA1 fused to an HA tag, the transgenic calli overexpressing bHLH33 fused to a GFP tag, and the transgenic calli harboring OE-MYBPA1 and bHLH33 were used in co-immunoprecipitation assays. The MYBPA1-HA proteins in calli were immunoprecipitated by bHLH33-GFP. More MYBPA1-HA protein was immunoprecipitated under LT conditions, indicating that MYBPA1 interacted with bHLH33 and that the formation of the MdMYBPA1-MdbHLH33 complex was induced under LT conditions (Figure 8e ).
DISCUSSION

Function of MdMYBPA1 in PA biosynthesis in apple
In apple, MYB TFs play key roles in anthocyanin and PA synthesis. MdMYB1 and MdMYBA control the anthocyanin accumulation in apple skin (Takos et al., 2006) , MdMYB10 and MdMYB110a are related to anthocyanin synthesis in red-fleshed apple fruit (Espley et al., 2007; Umemura et al., 2013) , and MdMYB9 and MdMYB11 play roles in regulating PA synthesis in apple leaves and skin (Gesell et al., 2014) . However, few studies on PA synthesis have used apple flesh as the experimental material because of the low MYB TF expression levels. In our previous study, we identified the PA-specific gene MYB12 from red-fleshed apple and found that this gene is homologous to MdMYB9, MdMYB11, and other TT2-type genes (Wang et al., 2017a, b) . Here, a PA1-type transcription factor, designated as MdMYBPA1, was cloned and characterized from redfleshed apple. In grape, the transcript level of MYBPA1 is related to PA accumulation during the development process of early berry. Its transcript level is low before veraison, peaks 2 weeks after veraison, and then decreases (Bogs et al., 2007) . In persimmon, the MYBPA1 homolog MYB4 is involved in PA synthesis at an early stage of fruit development (Akagi et al., 2009) . In this study, we found that MdMYBPA1 showed increased transcript levels in both red-and white-fleshed apple fruit at 45 DAFB, and then its transcript level decreased. The key difference between red-and white-fleshed apples was the significant increase in MdMYBPA1 transcript levels at 130 DAFB in red-fleshed apple but not in white-fleshed apple. The transcript level of MdMYBPA1 was correlated with PA accumulation. MYB4 regulates ANR and ANS, but not flavanone 3-hydroxylase and LAR, in persimmon (Akagi et al., 2009) , and MYBPA1 activates the promoters of LAR and ANR in grape (Bogs et al., 2007) . In this study, MdMYBPA1 bound to the promoters of LAR, ANR, UFGT, and ANS. In addition, MdMYBPA1 overexpression promoted PA accumulation in apple calli and induced the expression of ANR and LAR but not UFGT and ANS.
MYBPA1 is not homologous with TT2-type regulators but is regulated by TT2-type genes
In Arabidopsis, there are 25 subgroups of R2R3-MYB proteins, one of which comprises the TT2-type regulators involved in PA biosynthesis (Stracke et al., 2001) . The TT2-type MYB TFs are pivotal regulators during the process of PA biosynthesis in different species, for example, TT2 in Lotus japonicas (Yoshida et al., 2008) , MYB134 in Populus tremuloides (Mellway et al., 2009) , MYB14 in Trifolium arvense (Hancock and Rasmussen, 2012) , MYBPA2 in Vitis vinifera (Terrier et al., 2008) , MYB2 in Diospyros kaki (Akagi et al., 2010) , MYB9/11 in Fragaria ananassa (Schaart et al., 2013) , and MYB9/11 in M. domestica (Gesell et al., 2014) . Amino acid sequence alignment analyses revealed a 98.64% similarity between MdMYBPA1 and VvMYBPA1, but MdMYBPA1 shared only 39.39% and 37.16% similarity levels with MdMYB9 and MdMYB11, respectively. Furthermore, MdMYBPA1 does not contain the SG5 (IRTKA[I/L] RC) motif (Zhao et al., 2013) . However, we found three previously unidentified motifs, PA-1, -2, and -3, at its C-terminal.
Both TT2-and PA1-type genes function as direct regulators of PA synthesis, but the relationship between these two types of genes has not yet been studied explicitly. In grape, MYBPA1 and MYBPA2 were ectopically overexpressed to observe their effects on phenotype and gene expression. Overexpression of VvMYBPA2 led to the accumulation of VvMYBPA1 transcripts (Terrier et al., 2008) . In this study, we detected the effects of MdMYBPA1, MdMYB9, MdMYB11, and MdMYB12 overexpression in apple calli. The overexpression of MdMYB9, MdMYB11, and/or MdMYB12 increased the transcript levels of MdMYBPA1, in accordance with the results in previous studies. However, the overexpression of MdMYBPA1 did not affect the transcript levels of MdMYB9, MdMYB11, and MdMYB12. TT2-type TFs can recognize the MYB-core type I with the consensus CNGTT(A/G) (Th evenin et al., 2012) and the MYB-core type II with the consensus TNGTT(A/G) (Ishida et al., 2007) . They can also recognize the AC-rich element with the consensus (A/C)CC(A/T)A(A/C) (Xu et al., 2014) . Here, the EMSA and ChIP-qPCR analyses showed that MdMYB9, MdMYB11, and MdMYB12 could bind to all three types of MYB-binding sites in the MdMYBPA1 promoter, indicating that TT2-type genes regulated upstream of the PA1-type genes. This discovery significantly improves our comprehension of the regulatory network controlling PA synthesis.
MYBPA1 responds to LT and promotes anthocyanin synthesis with the participation of bHLH33
Flavonoid synthesis in plants is affected by diverse abiotic and biotic stimuli, such as light, temperature, drought, hormones, wounding, and pathogens (Mierziak et al., 2014) . For example, the synthesis of anthocyanin is induced by light (Hughes et al., 2005; Cominelli et al., 2008; Albert et al., 2009) , LT (Christie et al., 1994; Lo Piero et al., 2005) , and drought (Akagi et al., 2010; Sperdouli and Moustakas, 2012) . The biosynthesis of PAs is also caused by pathogens and wounding (Moshinsky et al., 2007; Akagi et al., 2010) . MYB TFs play pivotal roles in the response to external stimuli and in the regulation of flavonoid synthesis. The transcript levels of AtPAP1 and AtPAP2, which are related to anthocyanin biosynthesis, are induced by light (Cominelli et al., 2008) . Mellway et al. (2009) found that MYB134 is involved in the response to wounding, pathogens, and ultraviolet B radiation in which PA synthesis is promoted in poplar leaves (Mellway et al., 2009) . In apple, MdMYB1 has an effect on the regulation of anthocyanin synthesis responding to light (Takos et al., 2006) . In this study, we found that low temperature also promoted the expression of MdMYB1 in addition to light. Besides, MdMYB9 and MdMYB11 are induced by wounding to regulate PA synthesis (Gesell et al., 2014) . In contrast, there is few study about the roles of PA1-type genes in regulating PA synthesis in response to external stimuli. In this study, we found that LT led to increased PA and anthocyanin synthesis in OE-MYBPA1 calli, while the WT and MdMYBPA1-RNAi calli underwent no changes. The transcript levels of UFGT and ANS were significantly up-regulated under LT conditions but were not regulated by MdMYBPA1 under NT conditions. The LUC and GUS assays showed that MdMYBPA1 significantly affected the promoter activity of ANS and UFGT. Furthermore, the LT promoted the effect of MdMYBPA1 on the ANS and UFGT promoter activities. MdMYB110a is correlated with the anthocyanin synthesis in red-fleshed apple (Umemura et al., 2013) . Here, we found that MdMYBPA1 can bind and activate the promoter of MdMYB110a and promote the expression of MdMYB110a under LT conditions. Therefore, the induction of MdMYB110a by MdMYBPA1 may also be the reason of anthocyanin accumulation, which provides the possibility that MdMYBPA1 acts on anthocyanin synthesis through intermediate regulators.
To investigate the mechanism by which MdMYBPA1 promotes anthocyanin biosynthesis under LT conditions, we analyzed its promoter and found an LTR cis-element. MdbHLH3 can bind to the LTR cis-element of MdUFGT to promote anthocyanin accumulation under LT conditions (Xie et al., 2012) . Our results revealed that MdbHLH33 binds to LTR cis-element of MdMYBPA1 promoter and promotes its activity, whereas MdbHLH3 does not bind to the LTR of the MdMYBPA1 promoter. This suggested that the expression of MdMYBPA1 is activated by MdbHLH33. Many studies on various plants have shown that MYB TFs participate in anthocyanin and PA synthesis through interaction with bHLHs (Grotewold, 2006) . FaMYB9/11 and FabHLH3 interact in strawberry (Schaart et al., 2013) . In apple, interactions were detected between MdMYB9/11 and MdbHLH3 and between MYB12 and both MdbHLH3 and MdbHLH33 Wang et al., 2017a,b) . The PA1-type MYB TFs also interact with bHLHs. In poplar, MYB115 interacts with bHLH131 to promote PA accumulation (James et al., 2017) . Our results were consistent with findings, in that we detected an interaction between MdMYBPA1 and MdbHLH33. In addition, the calli expressing both MdMYBPA1 and MdbHLH33, which together form a complex, produced more anthocyanin under LT conditions, and the LT promoted the formation of the MdMYBPA1-MdbHLH33 protein complex. Figure 9 summarizes the proposed function of MdMYBPA1 in regulating PA and anthocyanin accumulation.
We have characterized a PA-type regulator, MdMYBPA1, from red-fleshed apple. Functional analyses of MdMYBPA1 have provided valuable insights into the regulatory network of flavonoids. Our findings are meaningful for the modification of PA and anthocyanin synthesis in fruits by regulating environmental conditions. In addition, studies on red-fleshed wild apple resources are beneficial for the breeding, through hybridization or biotechnology, of new apple varieties with high flavonoid contents.
EXPERIMENTAL PROCEDURES
Plant materials
Red-and white-fleshed apple trees in the F 1 hybrid population of M. sieversii f. niedzwetzkyana were planted at the Fruit Tree Breeding Base in Tai'an Hengling (36°260 0 N, 117°290 0 E). The fruit flesh of apple strains was collected at 45, 60, 75, 90, 105 or 130 DAFB in biological triplicate, and then stored at À80°C until use.
The 'Orin' calli used for genetic transformation were cultured in a aseptic bottle containing the solid medium of Murashige and Skoog (MS). Calli were cultured at 24°C, and WT and transgenic calli were subcultured every 15 days. The contents of phytohormone in MS medium were based as described previously (Wang et al., 2017a,b) .
mg L
À1 glufosinate (Coolaber, Beijing, China; http://www.cool aber.com/) and 250 mg L À1 carbenicillin (Solarbio; http://solarbio. bioon.com.cn/) screening medium. The primers are displayed in Table S1 .
Double-stranded RNA interference
To generate RNAi constructs, 431-bp sense and antisense sequence of MdMYBPA1 and 451-bp sense and antisense sequence of MdMYB110a were amplified using gene-specific primers containing SpeI/BamHI and AscI/SwaI sites, respectively. The sequences of MdMYBPA1 and MdMYB110a were fused into the pFGC-1008 plasmid. The reconstruction MdMYBPA1-RNAi and MdMYB110a-RNAi plasmids were individually transformed into Agrobacterium and then transferred into 'Orin' calli. The calli containing the pFGC-1008 vector were moved into screening medium containing 15 mg L À1 Hygromycin B (Roche, Indianapolis, USA; https://www.roche.com/) and 250 mg L À1 carbenicillin (Solarbio; http://solarbio.bioon.com.cn/). The primers used are displayed in Table S1 .
DMACA staining and determination of PAs content
The PAs in calli were detected and stained using DMACA solution [6 M HCl: 0.2% DMACA (w/v) in methanol, 1:1 (v:v)] (Li et al., 1996) . After grinding in liquid nitrogen, 0.5 g powdered callus was added to 1 ml extraction solution three times. The extraction solution was composed of 70% acetone solution and 0.1% (w/v) ascorbic acid. The procedure for quantifying PAs referred to was as previously described (Wang et al., 2017a,b) .
RNA extraction and quantitative RT-PCR
Total RNA samples were extracted using an RNAprep pure Plant Kit (TianGen, Beijing, China; http://www.tiangen.com/). The primers for RT-qPCR were synthesized by Sangon Biotech (Shanghai, China; Table S2 ; http://www.sangon.com). The RT-qPCR reactions were performed using an iCycler iQ5 system (Bio-Rad, CA, USA; http://www.bio-rad.com). The calculation of the relative expression of quantification is based on the (Ct) 2
ÀDDCt method (SoftwareIQ5 2.0) (Livak and Schmittgen, 2001 ).
Extraction of protoplasts and subcellular localization analyses
Callus (2 g) containing OE-MdMYBPA1 fused to a GFP tag was added to 10 ml cell wall lysis solution and kept under a vacuum for 30 min before incubation at 24°C in the dark for 12 h. The mixture was gently agitated to release protoplasts and then 10 ml W5 solution was added. The solution was filtered through nylon fabric (75 lm pore diameter) and then centrifuged at 500 rpm. After removing the supernatant removed, the pellet containing protoplasts was suspended in 10 ml W5 solution. After 30 min, the supernatant was discarded then protoplasts were suspended in 2 ml MMG solution. The GFP fluorescence in protoplasts was detected under an epifluorescence microscope. 4 0 ,6-diamidino-2-phenylindole was used to calibrate the position of the nucleus.
Yeast one-hybrid assays
MdMYBPA1, MdMYB9, MdMYB12, and MdbHLH33 were each separately recombined into the pGADT7 vector. The promoter fragments were cloned and ligated into the pHIS2 plasmid (BD Biosciences, Shanghai, China; http://www.bdbiosciences.com). The background leakiness of the pHIS2 vectors was suppressed using 3-amino-1,2,4-triazole (3-AT). First, the Y187 (Clontech; https://www.takarabio.com) yeast strains harboring the recombinant pHIS2 plasmid were spotted onto medium lacking Trp and His to identify the optimal 3-AT concentration for each vector. Then, the interactions depend on the growth pattern on plates lacking Trp, His, and Leu.
Electrophoretic mobility shift assays
MdMYBPA1, MdMYB9, MdMYB12, and MdbHLH33 were inserted into the pET-32a plasmid. The resulting plasmid was transformed into BL21. The 3 0 end biotin hot probes were prepared (Sangon ,  Table S3 ; http://www.sangon.com). The mutant probes were labeled and contained two mutated nucleotides. The cold probes were competitor probes without biotin label. The EMSAs were conducted following the manufacturer's instructions (Thermo Scientific, Rockford, IL, USA; https://www.thermofisher.com).
ChIP-qPCR analysis
The transgenic calli harboring MdMYB9, MdMYB12, and MdbHLH33 fused to a GFP tag were prepared for the ChIP-qPCR assay. The ChIP experiment were carried out using an EZ ChIP 244 Chromatin Immunoprecipitation Kit (Upstate, Waltham, MA, USA; www.upstate.com) following the manufacturer's instructions. No GFP tag was detectable in the WT calli, which served as the negative control. Three regions (M1, M2, and M3) in the MdMYBPA1 promoter containing the MBS cis-element and three regions (L1, L2, and L3) containing the LTR cis-element, as well as their enrichment levels in the DNA co-immunoprecipitated with the GFP antibody or a non-specific antibody (preimmune mouse IgG), were determined by RT-qPCR. The primers are displayed in Table S2 .
GUS analysis
The promoter sequences of ANS and UFGT were integrated into the pBI121 plasmid containing a GUS tag. The constructed pro-ANS::GUS and proUFGT::GUS plasmids were transferred into WT and OE-MdMYBPA1 calli. The transgenic calli were immersed in GUS staining buffer and incubated at 37°C for 8-10 h. For GUS enzyme activity analysis, 0.3 g of the transgenic calli was firstly extracted using GUS extraction buffer. The concentration of the extracted protein was quantified using the Bradford method (Bradford, 1976) . The determination of GUS enzyme activity was conducted as previously described (Xie et al., 2012) .
LUC reporter assay
MdbHLH33 was inserted into the pHBT-AvrRpm1-HA plasmid as effector. The sequences of MdMYBPA1, MdMYB110a, LAR, ANR, ANS, and UFGT promoters were recombined into the pFRK1-LUCnos plasmid as reporter, respectively. For a transient transfection, 6 ll effector, 3 ll LUC reporter and 1 ll GUS plasmid for normalization were mixed and transformed into the 'Orin' calli protoplasts. After induction for 6 h in the dark at room temperature, protoplasts were collected, and the LUC and GUS values were determined by a Multimode Plate Reader (Victor X4, Waltham, MA, USA). The relative LUC activity was measured from the ratio of LUC to GUS values.
Y2H assay
MdbHLH33 was inserted into the pGADT7 construct. The coding sequence of MdMYBPA1 was divided into four fragments (d1-d4). The full-length domain and each of the four fragments were separately inserted into the pGBKT7 constructs. The Y2HGold yeast strain harboring the recombinant pGBKT7 constructs was grown on medium lacking Trp and Leu to detect self-activation activity. To screen for interactions, each yeast strain containing the recombinant pGADT7 and pGBKT7 vectors was grown on medium absence of Trp, Leu, His, and adenine.
Bimolecular fluorescence complementation (BiFC) assay
Full-length MdbHLH33 without stop codons was inserted into the pSPYCE-35S plasmid, and MdMYBPA1 was inserted into the pSPYNE-35S plasmid. The GV3101 strain containing two plasmids was co-transformed into leaves of 5-to 6-week-old Nicotiana benthamiana plants. After 48 h co-infiltration, YFP signals were imaged by an epifluorescence microscope at an excitation wavelength of 488 nm (Olympus BX53F, Tokyo, Japan; http://cn.olym pus.com).
Pull-down assay
MdMYBPA1 was recombined into the His-tag pET-32a (+) plasmid. MdbHLH33 was inserted into the GST-tag pGEX-4T-1 plasmid. The reconstruction MdMYBPA1-His and MdbHLH33-GST vectors were transformed into BL21 to induce proteins, respectively. The mixture of the purified MdMYBPA1-His protein and MdbHLH33-GST protein were incubated together with the His-tagged bait protein for 12 h at 4°C. After washing three times, the fusion proteins were eluted by elution buffer. The eluted proteins were analyzed with a His antibody and a GST antibody.
CoIP assay
Transgenic calli (OE-MYBPA1 fused to an HA tag, OE-bHLH33 fused to a GFP tag, and OE-MYBPA1 + bHLH33) cultured under NT and LT conditions were used for the co-immunoprecipitation assays. Proteins were extracted from each transgenic callus using Plant Protein Extraction Reagent (ComWin Biotech, Beijing, China; http://www.cwbiotech.bioon.com.cn). Then, 300 ll protein extract was mixed with 2 ll anti-GFP (Abmart, Shanghai, China; http:// www.ab-mart.com.cn) and incubated for 2 h before adding 20 ll anti-FLAG agarose beads (Sigma; https://www.sigmaaldrich.com), After incubation for 2 h, the beads were rinsed for four times with immunoprecipitation buffer and were analyzed with a HA antibody and a GFP antibody.
Determination of relative anthocyanin contents
After grinding in liquid nitrogen, 0.5 g powdered sample was added to 5 ml 1% (v/v) HCl-methanol to extract anthocyanin at 4°C in the dark for 24 h. After centrifugation at 8000 g for 10 min, 1 ml supernatant was mixed with 4 ml KCl buffer (pH 1.0) and 4 ml NaAc buffer (pH 4.5), and then incubated at 4°C for 15 min. Using a UVÀvis spectrophotometer (Shimadzu UV-2450, Kyoto, Japan; https://www.shimadzu.com.cn), the absorbance of the mixture at 510 and 700 nm was determined. Then, the pH differential method was used to calculate anthocyanin content (Livak and Schmittgen, 2001) . Figure S3 . Protein sequence alignment of TT2-and PA1-type MYB TFs. Figure S4 . EMSA and ChIP-qPCR showing the binding of MdMYB9, MdMYB11, and MdMYB12 to MYB-core type II and ACrich element motifs in the MdMYBPA1 promoter. Figure S5 . Anthocyanin and/or PA accumulation patterns in OE-MYB9/11/12 and OE-MYB110a calli in response to low temperature. Figure S6 . EMSA and LUC reporter assays showing the binding and activation ability of MdMYB9, MdMYB11, and MdMYB12 to the ANS and UFGT promoters. Figure S7 . MdMYBPA1 binds and activates the promoter of MdMYB110a. Figure S8 . EMSA and LUC reporter assays showing the binding and activation ability of MdbHLH33 to the ANS, ANR, LAR, and UFGT promoters. Table S1 . Primers used for gene isolation and construction of plasmids containing coding and promoter sequences. Table S2 . Primers used for RT-qPCR and ChIP-qPCR. Table S3 . Primers used to synthesize probes for EMSA.
